Selective ultrastructural staining of acid mucosubstances in sites containing histochemically identifiable sulfo-and sialomucins has been obtained in fixed cryostat sections with both ferric chloride and colloidal iron solutions. The rectosigmoid region of mouse colon was fixed in glutaraldehyde, formalin, or phosphate-buffered osmium tetroxide, and 40 # cryostat sections of this material were treated with 0.1 to 0.4% ferric chloride or with a solution of dialyzed ferric chloride, ammonia, and glycerin. Specific staining depended upon the pH of the iron-containing solutions, and the optimal value was found to be approximately 2.0. Specific localization of acid mucosubstances has been noted in intracellular sites, including globules within colonic goblet cells and "deep crypt" mucous cells, small vesicles of the superficial nongoblet epithelial cells, and Golgi lamellae within each of these cell types. Extracellular material, presumed to be acid mucosubstance, was found on the surface of the epithelial microvilli and on the lumenal surface of capillary endothelium. Similar material formed a reticular network surrounding stromal cells, collagen bundles, and various colonic connective tissue elements.
INTRODUCTION
Studies involving the ultrastructural localization of acid mucosubstances by selective staining have been described recently by several workers. Swift and Adams (1962) have employed Mowry's (1958) modification of Hale's iron solution (without ferric-ferrocyanide conversion) to demonstrate acid mucous material surrounding ascites tumor cells. Gasic and Berwick (1963) have used the same modified Hale stain, but with subsequent conversion to Prussian blue, for the visualization of sialidase-removable mucins of ascites tumor cell surfaces. More recently, Clark and Curran (1964) , Curran et al. (1965) , and Yardley and Brown (1965) have reported that Mowry's modified colloidal iron solution (without conversion to Prussian blue) successfully stained both extra-and intracellular acid mucosubstances.
Several other approaches to the staining of acid mucosubstances at the fine structural level have been attempted. Among these, Tice and Barrnett (1965) have employed derivatives of the copper phthalocyanine dye, alcian blue, which enhanced the contrast of intestinal extra-and intracellular mucus. This method was relatively nonspecific, however, staining other acidic components such as the nuclear chromatin and rough-surfaced endoplasmic reticulum. Luft has treated tissue blocks with ruthenium red, and has described staining of extracellular pectin (1964) , the lumenal surface of capillary endothelium (1965 a) , and hyaline cartilage matrix (1965 b) . Since ruthenium red evidently does not penetrate cells readily, its use appears to be restricted to extracellular mucosubstances. Finally, Revel (1964) has developed a method for staining ultrathin sections of methacrylate-embedded tissue with colloidal thorium at low pH. This method has given precise intracellular localization of acid mucosubstances in intestinal goblet cells as well as in chondrocyte Golgi lamellae and the extracellular cartilage matrix.
The present attempt to visualize acid mucosubstances at the fine structural level has stressed particularly the intracellular localization of stained material, as tissue penetration had been the least satisfactory aspect of the existing iron methods. Several types of iron-containing solutions were evaluated. The Rinehart and Abul-Haj dialyzed iron and ferric chloride solutions yielded the most promising results when applied to cryostat sections, as described in a preliminary account (Wetzel, M. G. et al., 1965) .
The mucosa of mouse rectosigmoid colon was the tissue selected for the test site, since it was known to contain considerable quantities of two histochemically distinct intracellular acid mucosubstances . Goblet cells, numerous near the lumen and extending into the crypts, show marked uptake of radioactive sulfate (B6langer, 1954; Curran and Kennedy, 1955; and Jennings and Florey, 1956) . These cells also stain darkly with selective methods for sulfomucin, including azure A at pH 1.5, alcian blue at pH 1.0, a high iron diamine method, and aldehyde fuchsin . On the other hand, nongoblet, mucus-filled epithelial cells predominant deep within the crypts stain intensely with alcian blue at pH 2.5, but lack affinity for the dye at pH 1.0 and lose their pH 2.5 alcianophilia after prolonged digestion with sialidase . These properties indicate the presence of a sialomucin in the deep crypt mucous cells. A third type of rectosigmoid epithelial cell, possessing a brush border and constituting the principal cell type at the lumenal surface, shows negligible alcian blue affinity within the cytoplasm. The histochemical properties of mucosubstance along the microvillous surface generally resemble those of the nongoblet mucus at the base of the crypts. A sequence of "high" iron diamine followed by alcian blue distinguishes purple-black sulfomucin in the goblet cells from blue sialomucin in the nongoblet crypt mucous cells and along the brush border. The cellular origin of the surface sialomucus is unclear at the light microscope level. These three types of colonic epithelial cells are generally easy to distinguish at the ultrastructural level. Since both the goblet sulfomucus and the sialidase-susceptible crypt cell mucus are found within adjacent cells at the base of the crypts, the mouse colon represents a favorable site for evaluating cytochemical methods for these acid mucosubstances.
MATERIALS AND METHODS
National Institutes of Health stock albino mice were anesthetized and the rectosigmoid colons were perfused with chilled fixative prior to removal. The three fixatives used in this study were 10% formalin buffered with 2% calcium acetate, 6.25% glutaraldehyde buffered with 0.1 M sodium cacodylate (Sabatini et al., 1963) , and phosphate-buffered osmium tetroxide (Millonig, 1961) . After the muscle layers were carefully stripped away, fixation of the epithelium was continued for a total of 90 rain at 4°C in glutaraldehyde or osmium tetroxide, or for 12 hr in formalin. For morphological investigations, tissues were then routinely dehydrated and embedded in Maraglas (Spurlock et al., 1963) . Some aldehyde-fixed specimens were postfixed in Millonig's osmium tetroxide for 45 rain prior to such processing.
For cytochemical investigation, fixation was followed by three rinses of 5 rain each in cold 7.5% sucrose, then freezing with dry ice, and sectioning in the cryostat. To facilitate complete immersion of the section and subsequent handling, we sandwiched 40/z sections between two layers of fibrous lens paper which was tied over the end of a segment of glass tubing according to the method described by .
The cryostat sections were then stained in one of three iron solutions. In the first method, sections were placed in a freshly prepared solution of 0.1 to 0.4c/~ ferric chloride at room temperature for 3, 6, 12, or 16 hr. Both a ferric chloride solution (10 to 11% Fe, 3 to 5% HC1 (Fisher Scientific Company, and anhydrous powdered ferric chloride (Fisher Scientific Company, Silver Spring, Maryland, National Formulary, yielded similar results. We adjusted the pH of the staining solution to 0.5-6.5 with hydrochloric acid or ammonium hydroxide shortly before use to determine the optimal pH (1.4-2.4) for staining acid mucosubstances. Control sections were incubated in 0.3% and 0.9% sodium chloride solutions adjusted to pH 2.0. In the second method, we utilized the Rinehart and Abul-Haj modification (1951) of Hale's iron solution which employs a dialyzed solution of anhy-drous ferric chloride, glycerin, and ammonium hydroxide. Approximately 1 vol of glacial acetic acid was added to 3 vol of dialyzed stock solution just before use to achieve the desired pH. Sections were stained with this dialyzed iron solution for 3 or 12 hr at room temperature. The third method used was a modification of Hale's colloidal iron stain for histochemical identification of acid mucosubstances, as described by Mowry (1958) . This latter method, involving a boiled solution of ferric chloride adjusted to pH 1.2 (4-0.1), has recently been used for fine structural cytochemistry by other workers, as noted in the Introduction.
In none of these three methods was the ferric iron subsequently converted to Prussian blue, as is required for the histochemical visualization of acid mucosubstances. When such conversion was attempted, the unsatisfactory results obtained were attributed to very limited intracellular penetration of the ferrocyanide and to the apparently nonspecific deposition of coarse crystalline precipitate.
Prior to iron staining, methylation procedures (Fisher and Lillie, 1954) were used to block staining of acid groups in some of the frozen sections. Accordingly, sections were incubated for 3, 6, or 18 hr at 60°C in 100 ml of methanol acidified with 0.8 ml of concentrated hydrochloric acid, rinsed in distilled water, and stained as described previously.
After staining, some of the aldehyde-fixed specimens were washed in distilled water and postfixed for 45 min in osmium tetroxide. All specimens were then washed, dehydrated, and embedded in Maraglas (Spurlock et al., 1963) . Thin sections were cut with glass knives on a Porter-Blum MT-1 rnicrotome and collected on copper grids covered with a carbonized collodion film. It was more difficult to cut tissues stained by the described iron methods than to cut similar blocks of unstained tissue. Thin sections were viewed without staining, or after staining with saturated aqueous uranyl acetate for 7 to 15 rain (Watson, 1958) , with lead citrate for 10 to 30 rain (Reynolds, 1963) , or with a sequence of these two procedures. Specimens were examined and micrographed in an RCA EMU-2A or an RCA EMU-3G microscope.
RESULTS
Sites in the mouse rectosigmoid colon containing acid mucosubstance were significantly more adielectronic after treatment with 0.1 to 0.4% ferric chloride at pH 1.4-2.4 than were such regions after processing for routine morphological studies or after treatment with 0.3% sodium chloride. In sections exposed to ferric chloride solutions, staining was restricted to membranebound secretory droplets and vesicles, the brush border of colonic epithelial cells, and an extra-cellular network of material throughout the subjacent connective tissue.
A similar localization of adielectroni¢ material was obtained in mouse colon when frozen sections were treated with the Rinehart and Abul-Haj dialyzed iron solution (1951) . In addition, material within some of the Golgi saccules was found to stain strongly. The dialyzed iron solution stained the mucosubstance more dramatically than did ferric chloride solutions at optimal pH levels, but it appeared to penetrate the tissue less effectively, possibly owing to the greater size of the staining component.
Frozen sections stained in Mowry's modification of the colloidal iron solution (without conversion to Prussian blue) were heavily stained along the periphery of most cells, along the microvilli, and in the apical mucus of goblet cells, but intracellular penetration appeared to be severely limited with this method.
Goblet Cells
Goblet cell mucus of the mouse rectosigmoid colon has been found to contain abundant sulfated mucosubstance exhibiting appreciable uptake of S35-1abeled sulfate (Curran and Kennedy, 1955) and histochemical basophilia characteristic of sulfomucin . After exposure to ferric chloride or dialyzed iron solutions, the mucous droplets of these cells appeared greatly increased in density in comparison with tissues processed routinely for morphology (cf. Figs. 1 and 3 with Fig. 4 ). Likewise, particular lamellae of the Golgi apparatus in dialyzed iron-treated sections occasionally seemed to contain stained material (cf. Fig. 2 with Figs. 5 and 6). Droplets of heavily stained material sometimes appeared to arise from such Golgi saccules, generally from the concave face of the stack with no predilection for the lateral marginsofthe saccules. These droplets presumably represent the progenitors of the goblet cell mucous droplets. The material coating goblet cell microvilli also displayed an affinity for the iron solutions at pH levels below 2.6, but no other organelles within these cells showed such reactivity.
Deep Crypt Cells
The nongoblet cells deep within the crypts are filled with secretion which, on the basis of several histochemical properties, appears to contain sialomucin unaccompanied by sulfated mucosubstance . Frozen sections exposed to either W~TZEL, WETZEL, -~D SPICER Localization of Acid Mucosubstances 301 ferric chloride or dialyzed iron solutions showed iron-stained material on the surfaces of the microvilli and localized conspicuously within the mucous droplets of these cells (Figs. 7 and 8) . The contents of the Golgi larnellae in deep crypt cells were often stained after treatment with dialyzed iron (Fig. 8 ), but were not well stained with the ferric chloride solutions. Three or four adjacent lamellae at one face of the Golgi zone frequently contained ironstained material. These stained lamellae were often closely associated with mucous droplets located toward the bases of the cells. The contents of the droplets usually appeared somewhat extracted, but stained material was seen around the periphery of even the most extracted ones. No other sites within these cells were stained by the iron methods below pH 2.6. In specimens routinely processed for morphology, the contents of sialomucin-containing droplets and Golgi cisternae were notably low in density (Fig. 1 ).
Lumenal Nongoblet Epithelial Cells
The microvillous surface of nongoblet cells in the lumenal colonic mucosa is covered with a distinct basophilic layer of sialidase-susceptihle acid mucosubstance . The cytoplasm of these cells, however, shows little evidence of histochemically distinguishable mucous material. Ultrastructurally, numerous tiny vesicles were evident throughout the cytoplasm of these cells. These vesicles were particularly noticeable in the apical cytoplasm, as this region was relatively free of Specimens of mouse rectosigmoid colon were either processed routinely for morphological studies (Figs. 1 to 3, and 15) or cryostat sections were stained with dialyzed iron or ferric chloride solutions to localize acid mucosubstances. The thin sections were viewed unstained, or were stained with a saturated solution of uranyl acetate for 15 rain., or with uranyl acetate for 15 min followed by Reynolds' lead citrate for 15 rain. The scale marker in each figure represents approximately I g.
The to the mature mucous droplets. Fixation in glutaraldehyde followed by osmium tetroxide. Thin section stained with uranyl acetate and lead citrate. X 10,000. FIGURE 2 Golgi zone (Gz) of a colonic goblet cell; no iron treatment. Note the close association of the juxtanuclear Golgi apparatus with mucous droplets of varying size. The similarity between the contents of Golgi saccules and the contents of adjacent droplets suggests a mechanism of mucus secretion through enlargement of the flattened e]elnents along the concave Golgi face. Numerous tiny vesicles of relatively uniform size (arrows) are associated with the stacked Golgi cisternae. Prepared as in Fig. 1 . X ~0,000.
FIGUaE 3 Cross-section of the apical region of a colonic crypt; no iron treatment. Note the larger diameter of the crypt lumen (L) as compared with that in Fig. 1 . Mucus within this goblet cell (G), fixed in osmimu tetroxide, has a density similar to that of mucus in the glutaraldehyde-fixed specimens seen in Figs. 1 and 2. Numerous small vesicles (arrows) may be seen in the relatively homogeneous apical cytoplasm of the adjacent nongoblet epithelial cells. Thin section stained with uranyl acetate and lead citrate. X 14,000.
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THE JOURNAL OF CELL BIOLOGY • VOLUME 30, 1966 other organelles (Fig. 3 ). After treatment with dialyzed iron, surface mucus coating the microvilli, the contents of the tiny vesicles, and some of the Golgi lamellae of these cells were all stained intensely, indicating the probable presence of acid mucosubstance in these sites ( Figs. 9 to 11) . The fact that Golgi elements were stained as well as the vesicles suggests that the iron-stained material might represent a secretory product of these lumenal cells. Accordingly, the vesicles might arise from the Golgi saccules (Fig. 10) , migrate apically, and discharge their contents into the lumen at the bases of the microvilli.
In comparison with iron-stained tissue, colon specimens which were processed routinely for morphology exhibited no appreciable density of the material along the microvilli, in the tiny vesicles, or in Golgi saccules (cf. Figs. 3 and 9 ). Limiting membranes of the tiny vesicles were more easily seen in the control tissues which were not treated with iron solutions. The density of other organelles within these lumenal cells was not noticeably enhanced by iron stains below pH 2.6. In particular, no iron-stained material was noted along the lateral or basal plasma membranes of these or any other colonic mucosal cells, despite characteristic staining of the lumenal cell surfaces.
Colonic Connective Tissue
Iron-stained material coated much of the surface of many colonic connective tissue cells and formed a continuous interconnecting network penetrating the interstitial spaces ( Figs. 12 to 14) . This network of dense material also surrounded bundles of unstained collagen fibers. The tracery of stained material did not necessarily outline the connective tissue components individually, but often surrounded several neighboring elements as a group. The three-dimensional configuration of this stained material was visualized primarily as a continuous system of layers and sheaths surrounding connective tissue components. The basement membranes of capillaries and of colonic epithelial cells showed no affinity for the iron stains (Fig. 14) , as might be expected on the basis of biochemical evidence, which indicates that acid groups are not present in this site (Mnkerjee et al., 1965) . Stained material was occasionally observed coating the lumenal surfaces of capillary endothelia in the iron-treated preparations. No counterpart of the iron-stained stromal network was evident in unstained control preparations (Fig. 15 ).
Technical Considerations
Iron staining was obtained with tissues prefixed in formalin, glutaraldehyde, or Millonig's osmium FIGURE 4 Basal region of colonic crypt; dialyzed iron treatment. Note the intense staining of goblet cell mucus (G), of nongoblct deep crypt cell mucus droplets (D), and of the microvillous surface bordering the lumen (L) (cf. Fig. 1 ). Osmium tetroxide fixation. Cryostat section treated for 8 hr with dialyzed iron at pH 2.0. Thin section stained with uranyl acetate and lead citrate. X 18,000.
FIGURE 5 Juxtanuclear region of a goblet cell; dialyzed iron treatment. Stained mucous droplets occur in intimate association with this Golgi zone (Gz). Although heavy iron staining has not been evident within the Golgi saeeules of goblet cells in these preparations, some suggestion of increased density may be discerned adjaeent to the stained droplets in the inner lamellae of the Golgi stacks (arrow). The distribution of iron-stained material in these cells implies that Golgi elements participate in the formation of acid mucosubstance, with subsequent transfer of this material to the secretory droplets. Prepared as in Fig. 4. X 18,000. Fmvnv. 6 Juxtanuclear region of a colonic goblet cell similar to that seen in Fig. 5 but fixed in calcium acetate-buffered formalin rather than OsO4; treated with dialyzed iron for 3 hr at pH 1.1. The iron staining in the mucus is as intense as that seen in tissu~ prefixed in OsO4. The Golgi saccules of the goblet cell and of a neighboring deep crypt mucous cell (D) appear to contain, or be closely associated with, iron-stained material (arrows). Cytoplasmic membranes such as mitochondrial cristae, endoplasmie reticulum, and nuclear membranes are difficult to see in this preparation because no Os04 fixation or heavy metal staining of thin sections was employed. X 12,000. tetroxide. Unfixed tissue generally showed the poorest intracellular penetration of iron stain, and there was, with each fixative, some degree of tissue impenetrability with the iron reagents. After glutaraldehyde, the iron seemed to permeate the cells less effectively than after formalin or osmium tetroxide. Staining and cellular detail were optimal in specimens fixed initially in osmium tetroxide. Penetration was generally sufficient to provide good intracellular localization when 40/z cryostat sections of OsO4-or formalin-fixed tissue were totally immersed in the stain. In regions where penetration was incomplete, the goblet cell mucus tended to be less well stained than the adjacent mucus of the deep nongoblet crypt cells.
Prior treatment of the sections with a solution of acidified methanol for 6 or 18 hr at 60°C blocked iron staining of the sulfated colonic goblet mucus, but did not appear to alter the staining of sialic acid-containing, nongoblet crypt cell and surface mucus (Fig. 17) . Extraction attributable to the methylation procedure appeared to be somewhat greater in the nongoblet deep crypt cell mucus. A shorter, 3 hr, methylation under comparable conditions produced no evident change in the staining of either type of mucus.
The pH of the iron solutions was critical for the specific staining of mucous sites in the tissues studied. Above pH 3.0, nuclear chromatin was stained by both ferric chloride and dialyzed iron (Fig. 16) . Below approximately pH 1.0, the iron solutions no longer appeared to enhance the electron-scattering properties of any component of the cell. The pH for optimal staining ranged between 1.4 and 2.4 for both the ferric chloride and dialyzed iron methods.
Iron staining was visualized without the aid of uranyl or lead salts, but these stains improved the general contrast of cell organelles, and thus facilitated the interpretation of uhrastructural localization. Short (15 min) exposure of thin sections to uranyl acetate after iron treatment also appeared to heighten the contrast of the ironstained sites to some extent, but did not significantly enhance other organelles.
DISCUSSION
The degree of specificity of the described iron methods has not yet been established. We applied the iron stains to a site which had been extensively studied at the light microscope level, in an attempt to visualize at a fine structural level mucosubstances which could be selectively stained by histochemical methods. The results indicate specific localization of acid mucosubstances, since sites considered to contain mucins with either sulfate or sialic acid groups showed marked staining after treatment with iron solutions, whereas other organelles, including nuclei, rough-suriaced endoplasmic reticulum, and mitochondria remained unstained. If the pH of the iron solution was raised to 3.0-6.5, however, darkly stained nuclear chromatin resulted, which suggests that the phosphate groups of DNA are possibly involved at higher pH levels. In this pH range, ribosomal density did not appear to be enhanced by iron solutions. Active methylation, as employed here, should convert free carboxyls to their methyl esters (Fraenkel-Conrat and Olcott, 1945) , thus blocking access of cationic stains to these acid groups (Fisher and Lillie, 1954; Spicer, 1960) . The sulfate groups, on the other hand, should be removed by such methylation (Kantor and Schubert, 1957) , so that, again, no staining would be expected. As antici-FIGUliE 7 Portions of several nongoblet deep crypt cells (D), fixed in osmium tetroxide and treated with 0.8% ferric chloride at pH 2.25 for l~ hr. Presumed sialomucous droplets contain iron-stained material and typically show partial extraction after treatment with acidic iron solution. Thin section stained with uranyl acetate. X 16,000. FIGURE 8 Portions of several sialomucin-containing deep crypt cells, treated with dialyzed iron. Notelocalization of heavily stained material within Golgi lamellae (arrows) and within the partially extracted mucous droplets which are often associated with stained Golgi elements (cf. Fig. 1 ). Golgi zones of the nongoblet deep crypt cells contain intracisternal iron deposits which appear to be restricted to three or four adjacent saccules at one face of the stack. Nuclei and other cytoplasmic organelles apparently are not stained by this procedure. Tissue fixed in osmium tetroxide and treated with dialyzed iron for 8 hr at pH 2.0. Thin section stained with uranyl acetate and lead citrate. X 18,000.
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TIlE JOURNAL OF CELL BIOLOGY " VOLUME 80, 1966 pated, staining of the sulfomucin-laden goblets was blocked by 6-and 18-hr methylation. However, such treatment did not block staining of presumed sialomucin in the crypt nongoblet mucous cells or along the brush border. It is possible that methylated carboxyls might be deesterified in the acidic iron solutions, thus exposing these groups to the cationic staining component. It has been suggested that such hydrolysis of the methyl esters by acidic staining solutions possibly accounts for the histochemically observed alcianophilia of deep crypt cell mucus after methylation in the "high" iron diamine-alcian blue sequence .
Studies utilizing enzymes for the digestion of known mucus components would provide additional evidence to establish the specificity of the iron methods. Attempts to remove enzymatically the iron-staining component from presumed sialic acid-containing sites of colonic epithelia have thus far been unsuccessful. Frozen sections of fixed and unfixed tissue were incubated for 18 hr in sialidase (Spicer and Warren, 1960) without significant effect on the staining of deep crypt cell mucus relative to appropriate buffer controls. This perhaps corresponds with histochemical findings which have shown the sialomucin in this site to be unusually resistant to sialidase digestion as compared with that in several other mouse organs . At present, fine structural localization of iron-stained material should be correlated with histochemical and biochemical findings, whenever possible, to determine the type of acid group visualized. More specific methods will undoubtedly be developed, but, until such methods are available, caution must be exercised when attempting to identify iron-stained material.
To determine the iron-dependence of the staining by ferric chloride-containing solutions, we incubated control sections for similar intervals in sodium chloride solutions of comparable ionic strength and pH. In these sections, mouse colonic tissue did not show staining of any extra-or intracellular site.
No counterpart to the iron-stained intercellular network of the colonic connective tissue has been observed in specimens prepared for routine ultrastructural studies. The dimensions of this network would preclude positive histochemical identification of acid mucosubstance in this configuration. The chemical nature and cellular origin of this " material have not yet been determined. The intercellular material could conceivably represent artifactual iron deposition, although the nonrandom distribution of this material throughout the connective tissue stroma, the precise intracellular localization of staining in adjacent epithelial sites, and the reproducibility of results in both areas would seem to argue against this possibility. FIGURE 9 Apical region of a colonic crypt; dialyzed iron treatment. Note the iron staining along the microvillous surfaces (ray) and in the numerous small vesicles scattered throughout the apical cytoplasm of the nongoblet columnar ceils (arrows). Staining of goblet cell mucus (G) is also evident at the lower right. The density of these sites appears markedly enhanced in comparison with that of these sites in a similarly prepared specimen without iron treatment (Fig. 3) . Osmium tetroxide fixation. Cryostat section treated with dialyzed iron at pH 1.75 for 1~ hr. Thin section stained with uranyl acetate. X 17,000.
FIGURE 10 Portion of a nongoblet columnar cell in the apical region of a colonic crypt; dialyzed iron treatment. Iron-stained material may be seen along the microvillous surface (my), within numerous small vesicles (arrows), and within two to four adjacent saccules of each Golgi stack (Gz). The Golgi zone may represent the source of the small iron-stained vesicles which sometimes appear to be pinching off from the periphery of the cisternae. Osmium tetroxide fixation. Cryostat section treated for 8 hr with dialyzed iron at pH ~.0. Thin section stained with uranyl acetate and lead citrate. X 17,000.
FmURE 11 Portion of a nongoblet columnar cell from the apical region of a colonic crypt; dialyzed iron treatment. This specimen was prepared as in Fig, 10 , except that the thin section was stained only with uranyl acetate. This enables clearer visualization of the intracellular iron-staining sites due to the relatively low density of the surrounding cell components. Note the comparatively low contrast of the nucleus (n), mitochondria (m), and lateral plasma membranes (/nn). X ~0,000.
Occasionally the central region of cryostat sections was stained unevenly by the dialyzed iron solutions. In such cases, goblet cell mucus might appear unstained despite the presence of stained material in adjacent crypt cell mucous droplets. Both types of mucus were equally well stained nearer the surface of the frozen section. It was not apparent whether this difference in dialyzed iron staining was due to chemical properties of the mucus or to some physical barrier preventing penetration of the iron reagent.
In light of the localization of the iron stains to membrane-bound organelles within the cell, it seems likely that the colloidal iron particles which enter the frozen section are relatively small. Curran et al. (1965) have calculated that the iron-containing particles of Mowry's colloidal iron stain are approximately 30 A in diameter. If tissue components are heavily stained with this method, however, an over-all increase in density may interfere with the visualization of these discrete particles. The ferric chloride and dialyzed iron methods yield deposits of electron-scattering material in which particles of various sizes (ranging up to ~200 A in diameter) may sometimes be discerned. Such particles could represent varying degrees of aggregation of the staining components. Most frequently, however, these stains are not visualized as discrete particles but appear to consist of a homogeneous or very finely grained, dense material. The localization of these iron stains to certain organelles is probably due to their electrostatic association with particular tissue components, presumably acid mucosubstances; the nature and configuration of such tissue components would affect the appearance of the stain.
Tritiated thymidine labeling of nuclei in the mouse colonic epithelium (Walker and Leblond, 1958; Hughes et al., 1958) has indicated that cell proliferation in this tissue occurs toward the bases of the intestinal crypts, and that these cells migrate apically to renew the lumenal mucosa. The deep crypt nongoblet cells presumably represent progenitors of the more superficial nongoblet cells lining the colonic lumen, with concomitant changes in the morphology of the cells as they migrate apically. Iron-stained material indicating the presence of acid mucosubstances has been found in Golgi saccules, secretory droplets, and along the microvillous surfaces of both types of nongoblet epithelial cells. Although histochemical methods indicate similarity between mucins in FIGURE 1~ Colonic connective tissue; treated with dialyzed iron. Note the network of iron-stained material around collagen bundles (C) of varying size and along cellular elements such as fibroblasts (F) and peripheral nerve (N). Osmium tetroxide fixation. Cryostar section treated with dialyzed iron for 1~ hr at pH ~.0. Thin section was not stained with lead or uranyl salts. X 1~,000.
FmuRv. 13 Colonic connective tissue fixed in osmium tetroxide and treated with dialyzed iron as in Fig. 1~ . In addition, the thin section was subsequently stained with uranyl acetate and lead citrate. Collagen bundles (C) and cell membranes are more easily visualized after such staining of the thin sections, but the iron-stained material is somewhat less conspicuous. X 1%000.
FIGUnE 14 Colonic connective tissue; ferric chloride treatment. Note the layer of stain surrounding collagen bundles (C) and along the plasma membrane of the cell at the left. Iron staining may be seen along the lumenal surface of a capillary endothelial cell (E) but is not evident along the outer plasma membrane of the same cell. Osmium tetroxide fixation. Cryostat section treated for 1~ hr with 0.4% anhydrous ferric chloride in distilled water. Thin section stained with uranyl acetate. X 10,000.
FIGURE 15 Colonic connective tissue, prepared for routine morphology; no iron treatment. No intercellular network comparable to that seen following iron treatment is apparent ( Figs. 1~ to 14) . The visible extraceUular tissue components include collagen bundles (C), tiny e~racellular microfilaments (mr), and an amorphous material, probably representing basement membrane (arrow). Osmium tetroxide fixation. Thin section stained with uranyl acetate and lead citrate. X 15,000.
deep crypt cells and along the brush borders of apical cells, cytochemical methods are not sufficiently specific to establish whether the mucosubstances are identical in the deep crypt nongoblet cells, in the apical cell vesicles, and along the brush border. The deep crypt cells contain large, discrete droplets, whereas the more superficial cells contain only numerous tiny vesicles. Therefore, an increase in the number and size of microvilli and a decrease in the size of the secretory droplets would be the only apparent morphological changes involved in such a transformation. Epithelial cells with secretory droplets of intermediate size, presumably representing transitory stages, have been observed toward the apical regions of the crypts. Colonic goblet cells, on the other hand, are morphologically and histochemically similar, whether deep within the crypts or located along the central colonic lumen. The goblet cells would thus appear to represent a cell line which persists essentially unchanged during the apical migration of the epithelial cells.
The intracellular localization of iron-stained material was basically similar in all three types of colonic mucosal cell described here. The secretory droplets of both deep crypt cells and goblet cells were stained, as were the much smaller vesicles within the apical cytoplasm of the lumenal nongoblet epithelial cells. In all three cell types, the Golgi zones often showed evidence of staining within several lamellae, which suggests the possible role of the Golgi apparatus in the elaboration of stainable secretion product. If, indeed, an acidic component is responsible for the observed iron staining, it is possible that this group is either added to the forming mucosubstance or otherwise becomes stainable within the Golgi apparatus. This observation would be consistent with numerous other reports implicating the involvement of the Golgi apparatus in the formation of mucosubstances, such as light microscope studies involving iron staining of tumor cells (Badinez et al., 1962) or radioautography of goblet cells after incorporation of glucose-H ~ or sulfate-S 35 (Peterson and Leblond, 1964) , and ultrastructural studies of goblet cell morphology (Palay, 1958) . Results from recent fine structural studies on sulfate-S 35 radioautography of goblet cells (Lane et al., 1964; Peterson-Neutra, 1965 ) and chondrocytes (Godman and Lane, 1964) , from biochemical and ultrastructural analysis ot sialic acid in hepatocyte membrane fractions (Molnar et al., 1965) , and from cytochemical iron staining of serosal cells (Curran et al., 1965) , all indicate that the acid groups of mucosubstances may first become detectable in association with mucoid secretion products within the Golgi apparatus and related smooth-surfaced cytomembranes. In contrast to the well stained Golgi apparatus, the rough-surfaced endoplasmic reticulum, nuclei, and mitochondria showed no comparable increase in density "after treatment with iron-containing stains at low pH levels. These structures, therefore, may not be directly involved in the final steps of this type of secretory product elaboration. This investigation was carried out in part during the tenure of a Predoctoral Research Fellowship from FIGURE 16 Basal region of a colonic crypt treated with 0.3% ferric chloride at pH 6.0 for 1~ hr. Note the staining of nuclear chromatin and nucleoli which is typical of specimens treated with iron solutions at pH ~.6-6.5. This staining is primarily attributable to the iron treatment, since 15 rain staining of comparable thin sections with uranyl acetate does not accomplish appreciable nuclear staining in the absence of iron (cf. Fig. 14) . Mucus of deep crypt cell (D) is faintly stained. Osmium tetroxide fixation. Thin sections were stained for 15 min with uranyl acetate. X 12,000.
FIGUrtE 17 Basal crypt region of mouse reetosigmoid colon, methylated for 6 hr at 60°C prior to treatment with 0.3% FcC]3 at pH ~.25 for 12 hr. The goblet cell (G) does not stain with the iron solution after methylation, whereas the deep crypt cells (D) show distinct staining around the periphery of the partially extracted droplets. Osmium tetroxide fixation. Thin section stained with uranyl acetate. )< 12,000.
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